Purpose: To evaluate the severity of post-radiation dental lesions and possible correlation with radiation dose to the teeth in patients treated for head and neck cancers. Methods and Materials: Data from 93 head and neck radiotherapy patients treated between 1997 and 2008 were analyzed retrospectively. The main effect, radiation dose to the individual teeth, was evaluated with covariates of elapsed time after radiation, xerostomia, topical fluoride use, and oral hygiene status included. Patients' radiotherapy plans were used to calculate cumulative exposure for each tooth. Patients' teeth were evaluated using a validated index and then categorized as having none-slight or moderate-severe post-radiation damage. Results: Patients (31 females, 62 males) ranged in age from 18-82 years (mean 57). The number of teeth-patient ranged from 3-30 (mean 20) with a total of 1873 teeth evaluated. Overall, 51% of teeth had moderate-severe damage, with the remaining having little or none. Using odds ratios and 95% confidence intervals, the odds for moderate-severe damage were 2-3 times greater for teeth exposed to between 30 and 60 Gy as compared to no radiation. However, for teeth exposed to ≥ 60 Gy as compared to no radiation the odds of moderate-severe tooth damage was greater by a magnitude of 10 times.
Introduction
Dental disease following radiotherapy is a common and important problem in many head and neck cancer patients. The purpose of this paper is to explain the main considerations that radiation oncologists should know about the cause and prevention of radiation-related tooth damage. To accomplish this goal we have summarized a study that we performed to evaluate tooth damage following radiotherapy and then used these results as a framework for a more comprehensive discussion.
Materials and methods
Ninety-three patients who had received head and neck radiotherapy between 1997 and 2008 were enrolled in a retrospective clinical investigation approved by an Institutional Review Board. The patients were evaluated concerning individual tooth radiation dose, elapsed time after radiation (in months), xerostomia, frequency of prescription topical fluoride (applications per week), and oral hygiene status. Treatment planning for all patients was performed on modern computerized treatment planning systems that incorporate 3-dimensional beam modeling and calculation (Pinnacle; Koninklijke Philips Electronics N.V., Eindhoven, the Netherlands: Eclipse; Varian Medical Systems, Palo Alto, CA: Xio; Elekta AB, Stockholm, Sweden). A medical physicist reviewed patients' computerized treatment plans to calculate the cumulative dose for the crown of each radiated tooth. The mean dose of each tooth crown was determined by individually contouring each crown on the treatment planning systems.
Previous literature has demonstrated the onset of xerostomia at a mean parotid threshold dose of [25] [26] [27] [28] [29] [30] Gy. [1] [2] [3] Because the focus of this study was to potentially separate tooth damage associated with xerostomia from direct effects of radiation on tooth structure, individual tooth radiation dose was subsequently divided into 1 of 7 categoric tiers to determine if there was a threshold of exposure at which there would be an increased risk for tooth damage. Categories were defined as follows: No exposure (b 0.5 Gy); ≥ 0.5 to b 20 Gy; ≥ 20 to b 30 Gy; ≥ 30 to b 40 Gy; ≥ 40 to b 50 Gy; ≥ 50 to b 60 Gy; and ≥ 60 Gy. Xerostomia was determined using a qualitative salivary gland performance analysis related to the subjective sensation of xerostomia using the questionnaire developed by Fox et al. 4 Weekly fluoride frequency (times per week) was based on patient self-report, and oral hygiene status was evaluated by the dentist examiner using a poor, fair, good, or very good (1-4) ranking.
Severity of tooth damage was clinically determined by a dentist examiner, blind as to amount of radiation exposure, using a previously validated index to assess post-radiation damage. 5 Based on the magnitude of the tooth score, teeth were subsequently categorized into having either none to slight damage (0) or moderate to severe damage (1) for statistical analysis.
Descriptive statistics were used to characterize the patient population. A mixed-effect logistic model was fitted to assess the effect of tooth-level radiation dose on tooth damage, while controlling for other factors known to influence dentition integrity: xerostomia, fluoride use, oral hygiene, and time since completion of radiotherapy (Stata SE Release 11.0; Stata Corporation, College Station, TX). The patient was treated as random effect with tooth dose, time, xerostomia, fluoride frequency, and oral hygiene treated as fixed effects. This statistical strategy allows for comparison of teeth with moderate-severe damage within individuals to be compared to teeth with none-slight damage.
Results
Thirty-one females and 62 males ranged in age from 18 to 82, with a mean age of 57 years. Squamous cell carcinoma was the most common diagnosis (81%). With regard to site of malignancy, there was a significant difference (P = .015) by gender, with men having a larger proportion of tongue and tonsillar malignancies (58% of all sites), while 29% of malignancies in women originated in the tonsil, tongue, or floor of the mouth.
On average, patients received a total radiation dose to the target volume of 63.4 Gy, with individual tooth dose varying widely within and across patients from 0-79 Gy. A total of 1873 teeth were clinically evaluated with an average of 20 teeth per patient. Overall, 51% of teeth had moderate-severe damage, with the remaining having little or none. Because this study used a cross-sectional approach (one-time visit) the elapsed time since radiation varied between patients (1-133 months). In order to control for the widely variable follow-up intervals in the study population, "elapsed time since treatment" was included in the model as a covariate. A similar approach was used regarding the patient level variables, fluoride, oral hygiene, and xerostomia. These covariates were included in the model to statistically adjust for the unique effect of tooth-level dose.
Odds ratios and 95% confidence intervals for the logistic model predicting moderate-severe damage is displayed in Table 1 . The effect of increasing levels of radiation at the tooth level (controlling for other covariate predictors) significantly and independently predicted moderate-severe tooth damage at radiation doses greater than 30 Gy. The odds of having moderate-severe damage with the 30 to b 40, 40 to b 50, and 50 to b 60 Gy radiation dose categories were 2 to 3 times greater than the 0 dose category. However, for teeth exposed to ≥ 60 Gy (compared to a 0 dose) the odds of moderate-severe tooth damage was greater by a magnitude of 10.11 (95% confidence interval 3.94-25.9).
Discussion Pathophysiology
Post-radiotherapy quality of life can be drastically diminished due to numerous radiation-induced oral complications, including hyposalivation, severe dentition breakdown, and associated loss of masticatory function. [6] [7] [8] [9] [10] [11] At one time full mouth extractions were prescribed prior to radiotherapy; however, because a removable prosthesis is not well-tolerated by irradiated oral mucosa, the current approach is to maintain as many healthy teeth as possible. [12] [13] [14] Thus, a better understanding of postradiation dental disease is required.
Dentition breakdown following radiotherapy tends to start within the first year and becomes more severe with time. 9 While the relationship between radiation and dental decay is well documented, it is important to note that post-radiation dental lesions differ considerably in clinical appearance, pattern of development, and progression from dental decay in non-irradiated patients. Typical dental decay occurs in pits, fissures, and proximal areas between teeth. In contrast, post-radiation dental lesions tend to occur at cervical (junction between crown and root), cuspal, and incisal areas (Fig 1) . These are sites that are exposed to occlusal loading (incisal and cuspal) and associated flexure (cervical) and are considered most resistant to typical dental decay. Post-radiation lesions (Fig 2) also develop in a distinctive manner, unlike typical decay, with initial shear fracture of enamel, sometimes resulting in partial to total enamel delamination, followed by subsequent decay of the exposed underlying dentin. 15, 16 Brown-black tooth surface discoloration is also sometimes associated with teeth exposed to radiotherapy, again dissimilar from nonirradiated carious teeth. 6, 9, 11 Contributing factors to dentition breakdown
Individual tooth radiation dose
Many factors contribute to dentition deterioration following radiation therapy. However, the most widely accepted etiology of post-radiation dentition breakdown has been the indirect effects of radiation-induced xerostomia. [8] [9] [10] [11] While post-radiation xerostomia affects the entire mouth, clinical observations suggest that postradiation dental lesions tend to begin, and are more severe, Figure 2 Post-radiation dental lesions: (A) cervical; (B) cuspal; and (C) total ⁎ and partial ⁎⁎ enamel delamination. among teeth within radiation portals. 17 As a result, it has been proposed that the direct effect of therapeutic radiation on mineralized tooth structure concomitant with xerostomia may be a significant causal factor. 17 To date, our study is the first in which individual tooth radiation dose was calculated and then correlated with post-radiation tooth damage. The results of the study suggest 3 tiers of dose-response: minimal tooth damage below 30 Gy (salivary gland threshold), a 2-3 times increased tooth dose-damage relationship between 30 and 60 Gy likely due to salivary gland impact, followed by a critical threshold of 60 Gy above which tooth damage occurs at 10 times greater odds, potentially the result of radiation-induced damage to the tooth plus the associated salivary gland damage.
The current findings, coupled with the unique clinical presentation of post-radiation lesions, suggest a direct effect of radiation on tooth structure with increasing radiation dose. The dentin-enamel junction (DEJ), the natural connector between hard, brittle enamel and subjacent softer, tougher dentin, plays a critical role in maintaining the biomechanical integrity of the tooth. Between 30 and 60 Gy, the 2-3 times odds increase for tooth damage is likely related to the impact on the salivary glands and the loss of saliva's protective effects. However, even between 30 and 60 Gy the initial breakdown starts with enamel shear fracture at loading and flexure sites, suggesting a possible change in tooth structure. When teeth are dried under in vitro conditions it has been reported that increased strain occurs at the DEJ, decreasing the stability of the enamel-dentin interface. 18 With radiation-induced dry mouth conditions perhaps a similar scenario occurs at the DEJ, increasing the potential for initial enamel fracture from dentin at functional sites.
At doses greater than 60 Gy, an explanation for the exponential increase in the odds for tooth damage could be linked to previous reports of in vitro radiation-induced changes in tooth structure. [19] [20] [21] [22] [23] These studies, which used doses greater than 60 Gy, reported changes in dentin and enamel properties including decreased hardness, elastic modulus, and tensile strength as well as increased susceptibility of enamel shear fracture. These property changes and associated reduction in bond strength between the enamel and dentin following high dose in vitro irradiation could possibly help explain enamel delamination at loading and flexure sites in post-radiation patients. 15, 16 In some cases, as observed in the current study, there can be partial to total delamination of the enamel from the dentin (Fig 2C) .
Collectively, it appears that post-radiation tooth damage is potentially mediated by 2 major determinants, saliva loss and direct tooth effects, with an additive impact as total dose increases. However, a better understanding of radiotherapy effects on mineralized tooth substrates is required. Our group has started a study funded by the National Institutes of Health to evaluate the effects of radiation on the mechanical properties, chemical structure, and function of enamel and dentin to identify the mechanism(s) for radiation-induced dentition breakdown. The knowledge to be gained is important for preventive and restorative modalities.
Elapsed time
Elapsed time following radiation was also a significant factor in our study. For each 1-month increase in elapsed time since radiation, there was a 6% increase in the odds of having moderate-severe tooth damage. The elapsed time factor may be related to several aspects. For example, direct effects of radiation on collagen and mineral could lead to structural changes that may be associated with initial enamel loss at loading and flexure sites that can begin within the first year. In addition to direct radiation-induced changes of collagen and mineral within the tooth, the potential role of matrix metalloproteinases (MMPs) could also be a contributing factor. Radiotherapy has been directly associated with upregulation and activation of MMPs in the lung, brain, and colon, leading to increased invasion and metastasis of malignant cells. [24] [25] [26] It is also possible that radiotherapy could activate MMPs within the dentin matrix [27] [28] [29] [30] causing degradation of the collagen fibril network that connects dentin to enamel, contributing to enamel shear fracture. As the enamel is lost at the loading and flexure sites the underlying dentin is then exposed to the oral cavity, and because the exposed dentin is softer (ie, less mineralized than enamel) it is more susceptible to subsequent typical dental decay. This timeline of events could help explain the relationship between elapsed time and the severity of dentition breakdown.
Fluoride
The use of topical fluoride is an important preventive treatment, as confirmed by our study. With each 1-unit increase in fluoride application frequency per week there was a 14% reduction in the odds for having moderatesevere tooth damage. The patients we evaluated used a prescription topical fluoride (1% neutral sodium fluoride) applied once a day for 1-2 minutes with a custom tray that does not cause gingival or mucosal irritation. Previous studies of post-radiation patients using prescription topical fluoride gels reported similar results 31,32 so our outcome was not unexpected. Instead, fluoride use was included in the statistical model to control for these known effects while allowing for the evaluation of the independent contribution of tooth radiation dose. It is also important to note that the 1% fluoride content of prescription products is much higher than over-the-counter toothpaste with 0.15% fluoride. As for the prescription sodium fluoride gels that are used following radiotherapy, neutral pH products are preferred to acidulated sodium fluoride that can irritate the oral mucosa.
Oral Hygiene
In our study, oral hygiene over time was another significant factor suggesting that with increasing time since completion of radiotherapy oral hygiene is an important preventive component. While this was not unexpected, just as with fluoride, oral hygiene was included as a covariate to control for this known effect. Clinical recommendations include brushing at least twice a day and using interdental techniques such as flossing or a small interproximal brush at least once per day.
Xerostomia
Although literature related to post-radiation dental disease is dominated by the effects of xerostomia and its sequelae, [8] [9] [10] [11] xerostomia was not a significant factor in our study. However, because xerostomia was reported by the vast majority of patients (83%) there was minimal variability, and thus it is not surprising that it was not a predictive component. Nonetheless, as already described, there appears to be a 2-3 times increase in tooth damage between 30 and 60 Gy that is likely related to salivary gland impact. Significant reduction in parotid gland function (grade 3 or 4 on Radiation Therapy Oncology Group-European Organisation for Research and Treatment of Cancer LENT-SOMA scale) has been reported after a mean dose of 25-32 Gy. 1, [33] [34] [35] [36] [37] Analysis of normal tissue complication probability models for post-irradiation parotid gland function demonstrated a tolerance dose for 50% complication probability (TD 50 ) of 38-40 Gy. 38, 39 Submandibular gland tissue may be more radioresistant, but the threshold for maintaining gland function is still lower (approximately 40 Gy) than the suggested direct tooth damage radiation threshold of ≥ 60 Gy. 40, 41 While our study did not include a quantitative saliva flow measurement, reduced saliva flow in post-radiation patients has been previously reported. 4, 42, 43 Besides an objective reduction in saliva output and composition, xerostomia is also a subjective patient symptom and patient self-report using a validated questionnaire is a valuable and often preferred xerostomic assessment. 4, 43, 44 In terms of treating xerostomia, saliva substitutes are frequently used; however, the efficacy is questionable due to the short • Same reasons as before radiotherapy • Hyperbaric oxygen possibly included, especially for mandibular teeth with N 60 Gy Minimal to moderate dental decay: appropriate restoration Existing restoration with minimal to moderate secondary dental decay: appropriate replacement restoration a Our data suggest a continuous dose response above 30 Gy, so it is beneficial to keep tooth dose as low as possible. These dose constraints apply to each individual tooth; thus, the plan should be designed to limit the dose to as many teeth as possible.
duration the product remains in the mouth. Patients often initially try saliva substitutes and then eventually opt for sipping water from a bottle they carry with them.
Recommendations
National protocols for the treatment of head and neck cancer do not specify maximum doses for teeth. The maximum allowable dose for the mandible is often 66-70 Gy or higher 45, 46 and some protocols do not specify a maximum dose for the mandible, teeth, or the oral cavity. 47 However, the estimated 10 times increase in the odds for moderate-severe tooth damage with ≥ 60 Gy exposure has important implications for radiation oncologists and dentists managing the pre-and post-radiotherapy patient. Delineation of each individual tooth, such as performed in this study, is neither practical nor prudent in the treatment planning process. However, the upper and lower dentitions can be contoured as regions of interest in a short amount of time. When clinically possible, care should be taken in the radiotherapy planning process to limit mean tooth dose to less than 60 Gy but sometimes that is not feasible. Thus, oral health and dental preventive protocols are also important considerations.
A thorough oral and dental exam including radiographs should be completed prior to radiotherapy. Preservation of the dentition is extremely important; however, pre-radiation extraction is required for any teeth exhibiting moderate to severe periodontal disease, severe dental decay that cannot be predictably treated, or failing restorations that cannot be successfully replaced. Table 2 includes a list of considerations for oral care prior to and after radiotherapy.
While post-radiation extractions are to be avoided due to the potential increased risk for osteoradionecrosis (ORN), sometimes they are necessary. The overall risk for ORN following tooth extraction has been reported as 7%. 48 There is also weak evidence that hyperbaric oxygen treatment reduces the risk of post-extraction ORN; nevertheless, hyperbaric oxygen is expensive and not without complications. Patients requiring extractions of mandibular teeth exposed to more than 60 Gy appear to benefit the most. 48 Post-radiation patients should be seen every 3 months for follow-up oral-dental exams and professional cleanings for the rest of their lives, comparable to the recall schedule used for patients with chronic periodontitis. With high survival rates for most head and neck cancer patients, preventive protocols, whether reduced tooth radiation when possible or oral health management, are critical to successfully sustain the patient's quality of life.
